
INFECTION AND IMMUNITY, Jan. 2009, p. 45–51 Vol. 77, No. 1
0019-9567/09/$08.00�0 doi:10.1128/IAI.00968-08
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Identification of Meningococcal Genes Necessary for Colonization of
Human Upper Airway Tissue�

Rachel M. Exley,1† Richard Sim,2† Linda Goodwin,3 Megan Winterbotham,1
Muriel C. Schneider,1 Robert C. Read,3 and Christoph M. Tang1*

Centre for Molecular Microbiology and Infection, Department of Microbiology, Flowers Building, Imperial College London,
London SW7 2AZ, United Kingdom1; Southmead Hospital, Westbury-on-Trym, Bristol BS10 5NB, United Kingdom2; and

Division of Genomic Medicine, University of Sheffield, Western Bank, Sheffield S10 2TN, United Kingdom3

Received 1 August 2008/Returned for modification 24 September 2008/Accepted 9 October 2008

Neisseria meningitidis is an exclusively human pathogen that has evolved primarily to colonize the nasophar-
ynx rather than to cause systemic disease. Colonization is the most frequent outcome following meningococcal
infection and a prerequisite for invasive disease. The mechanism of colonization involves attachment of the
organism to epithelial cells via bacterial type IV pili (Tfp), but subsequent events during colonization remain
largely unknown. We analyzed 576 N. meningitidis mutants for their capacity to colonize human nasopharyn-
geal tissue in an organ culture model to identify bacterial genes required for colonization. Eight colonization-
defective mutants were isolated. Two mutants were unable to express Tfp and were defective for adhesion to
epithelial cells, which is likely to be the basis of their attenuation in nasopharyngeal tissue. Three other
mutants are predicted to have lost previously uncharacterized surface molecules, while the remaining mutants
have transposon insertions in genes of unknown function. We have identified novel meningococcal colonization
factors, and this should provide insights into the survival of this important pathogen in its natural habitat.

The first step in the pathogenesis of most infectious diseases
is the colonization of a susceptible individual with a virulent
microorganism. For most bacteria, colonization allows replica-
tion of the pathogen before it spreads to other tissues or
disseminates to other hosts (43). Many pathogens have evolved
first and foremost to colonize their hosts rather than to cause
disease, with invasive infection being an accidental event that is
often irrelevant to the natural life cycle of the microbe (2).
Understanding the molecular mechanisms that pathogenic
bacteria use to colonize their hosts is crucial since it may aid in
the design of interventions to prevent carriage, block disease,
and eradicate infection. However, the process of colonization
can be difficult to investigate, particularly for human-adapted
pathogens that utilize host-specific nutrients and/or receptors,
limiting the availability of biologically relevant models for ex-
perimental studies (56).

Neisseria meningitidis is an obligate human pathogen that is
a leading cause of bacteremia and meningitis in developed and
developing countries, affecting mainly children and young
adults (53). Although systemic disease can progress rapidly and
is fatal in up to 20% of cases (53), the most frequent outcome
of infection with N. meningitidis is asymptomatic carriage, with
up to 40% of healthy adults harboring the bacterium in the
nasopharynx (6). The human nasopharynx is the only known
reservoir of infection, and colonization is the first step in the
pathogenesis of meningococcal disease and is essential for the

successful propagation of the bacterium through human pop-
ulations.

The interaction between N. meningitidis and the human host
during the colonization process is incompletely understood.
Previous work has mainly focused on the attachment of the
bacterium to human epithelial cells, one of the initial steps in
colonization (10, 28). The bacterium expresses type IV pili
(Tfp), filamentous processes that extend beyond its surface,
which enable it to adhere to epithelial cells in the nasopharynx
(32). After attachment, the bacterium traverses the epithelial
cell barrier and reaches the subepithelial compartment. Immu-
nohistochemical analysis of tonsillar tissue from healthy carri-
ers has demonstrated that colonizing meningococci can be
found on the epithelial cell surface, in association with epithe-
lial cells and in the tissue underlying the mucosal surface (42).
The route of traversal has not been defined, although the
bacterium has been detected in an intracellular compartment
in epithelial cells (33, 45, 47).

Early interactions between the host and pathogen are critical
since they may dictate the outcome of infection. Most cases of
meningococcal sepsis occur within a few days or weeks of
exposure to the bacterium (9, 16), and the ability of strains to
penetrate nasopharyngeal tissue directly correlates with their
propensity to cause systemic disease (51).

Here we describe the identification of novel N. meningitidis
genes required for early interactions with nasopharyngeal tis-
sue using a human organ culture model (OCM). Upper airway
OCMs consist of explants of human nasopharyngeal tissue and
present bacteria with the physical epithelial barrier (consisting
of polarized columnar cells joined by tight junctions) and sub-
epithelial layer present in the upper airway. In addition, active
cilia on the apical epithelial surface preserve mucociliary trans-
port in OCMs, which express other mucosal innate immune
factors (35). In OCMs, N. meningitidis must also utilize the
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same repertoire of carbon energy sources and other micronu-
trients that are present in the human nasopharynx (12). There-
fore, tissue explants provide the complex organization of cell
types and tissues relevant for studying meningococcal coloni-
zation, which cannot be reproduced using current cell culture
techniques. We used signature-tagged mutagenesis (STM) to
identify genes necessary for survival of N. meningitidis in
OCMs. STM was developed for high-throughput analysis of
mutants (18) and is a powerful method that allows unbiased
genetic screening to be performed with animal models of dis-
ease (26, 39). This is the first time that STM has been used to
examine the interaction of a pathogen with human tissue.

MATERIALS AND METHODS

Bacterial strains and growth. The clinical N. meningitidis isolate C311 (B;NT;
NT) (54) was grown on brain heart infusion medium with 5% Levanthal’s
supplement. The generation of N. meningitidis STM mutants has been described
previously (49). For infecting OCMs, bacteria were grown for 16 h on solid
media, resuspended in phosphate-buffered saline (PBS), and then enumerated
by measuring the A260 of the suspension in 1% sodium dodecyl sulfate–0.1 M
NaOH; the number of CFU was confirmed by plating. Escherichia coli was grown
in Luria-Bertani media. Antibiotics were used at the following concentrations:
kanamycin at 50 and 75 �g/ml and erythromycin at 200 and 2 �g/ml for E. coli
and N. meningitidis, respectively.

Nasopharyngeal organ culture model. Human nasopharyngeal mucosal ex-
plants were derived from inferior turbinates resected from patients with nonal-
lergic nasal obstruction who had given informed consent. Tissue was immersed
in minimal essential medium (MEM; Gibco, United Kingdom) containing pen-
icillin at 50 U/ml, streptomycin at 50 �g/ml, and gentamicin at 50 �g/ml for 4 h
and then dissected to produce 3- to 4-mm squares of full-thickness mucosa (51).
Next, the tissue was transferred to MEM without antibiotics for 1 h, supported
in 4-cm petri dishes with the epithelial surface projecting above a bed of non-
nutrient agar (Fig. 1). The petri dishes containing the agar-embedded explant
were placed inside 10-cm petri dishes containing a reservoir of MEM, which
perfused the OCM via a wick, and incubated in a humidified atmosphere of 5%
CO2 in air at 37°C. Ethical approval was obtained from the Central Oxford
Research Ethics Committee (COREC no. C00.0085) and from the South Shef-
field Research Ethics Committee (SS/01/055).

Measurement of meningococcal survival within nasopharyngeal tissue. Pools
of 95 mutants were screened in triplicate using explants from a single donor. To
assess the survival of N. meningitidis in the tissue, bacteria in 100 �l of PBS were
placed upon the surface of each explant. After a 6- or 18-h incubation, explants
were washed, weighed, and then homogenized in a modified French press (Con-
stant Systems, Warwick, United Kingdom) at 10 lb/in2, and viable bacteria were
recovered by plating. To estimate the invasion of OCMs, explants were immersed
in 0.25% sodium taurocholate (Sigma, United Kingdom) for 30 s prior to
homogenization to kill extramucosal bacteria as described previously (51). To assess
the sensitivity of mutants to bile salts, 107 CFU were suspended in 100 �l of PBS
and then exposed to sodium taurocholate (from 0.015 to 0.5% final concentra-

tion) for 1 h at 37°C. The number of surviving bacteria was determined by
plating.

Explants from at least six donors were used to analyze the colonization ca-
pacity of individual mutants compared to the wild-type strain. Bacteria were
grown overnight, and 5 � 107 CFU used to challenge separate OCMs. Bacteria
were recovered by the same method as for screening the library of mutants.

Molecular methods. Chromosomal and plasmid DNA was extracted by stan-
dard methods, and signature tags were detected by hybridization as previously
described (49). Transposon insertion sites were recovered by marker rescue. In
brief, genomic DNA was digested with DraI, EcoRV, and HpaII and then
self-ligated in a 250-�l volume with T4 DNA ligase for 16 h at 16°C. The ligation
reactions were used to transform E. coli DH5� to kanamycin resistance. The
nucleotide sequence of plasmids was determined with the oligonucleotide NG62
(5�-TTGGTTAATTGGTTGTAACACTGG-3�). Sequence searches were per-
formed by using BLAST algorithms against the N. meningitidis genome databases
(http://www.sanger.ac.uk/Projects/N-meningitidis and http://www.tigr.org). Genomic
DNA was recovered from all colonization-defective mutants and used to reconstruct
the mutants by transforming the parental strain. This was undertaken to exclude
potential effects caused by spontaneous on-off expression of surface molecules by N.
meningitidis.

For complementation, NMB1829 was amplified from genomic DNA from
strain C311 with High Fidelity Expand Taq (Roche Applied Science) using the
primers 5�-GAGGATCCAAACTGTAACGCAGGTTTGCC-3� and 5�-CAGCT
AGCAGCAGGTTGGTTGCAGTAAA-3�, containing BamHI and NheI restric-
tion sites (underlined), respectively. The 2.29-kb product was ligated into
pCRTopo2.1 (Invitrogen), excised, and then introduced into a multiple cloning
site in pYHS25 (57). This vector contains the erythromycin resistance gene
flanked by fragments of NMB0102 and NMB0103. The vector was used to
transform C311, introducing a single chromosomal copy of the complementing
gene in the intergenic region between NMB0102 and NMB0103, open reading
frames orientated in a tail-to-tail fashion. Transformants were analyzed by
Southern hybridization and PCR with primers annealing to regions upstream of
NMB0102 and the upstream region of NMB1829 (5�-GGTCGGGTAAAATGA
AAGTT-3� and 5�-CGGCTTTATATTGTTTGTGC-3�, respectively) and with
primers based on NMB0103 and the downstream region of NMB1829 (5�-ATA
TCTTTGAAATCGGCTCA-3� and 5�-ATTCCGGCATAGTAAAACAA-3�, re-
spectively). Genomic DNA from the mutant was used to transform the wild-type
strain and mutant, and multiple transformants were collected to exclude effects
of phase variation.

Sensitivity to antimicrobial peptides. The antimicrobial activity of synthetic
human LL-37 (supplied by Jan Pohl, Emory University) was examined in assays
based on previously described methods (41). Briefly, bacteria were grown over-
night on solid media and then grown in liquid GC media (Difco) supplemented
with 0.43% NaHCO3, 0.4% glucose, and 0.68 mM Fe(NO3)3 for 3 h at 37°C with
shaking at 100 rpm. The optical density at 600 nm was measured and adjusted to
0.2, and the suspension was diluted 1 in 100 in 0.2� GC broth. A 90-�l aliquot
of the suspension was added to wells of a 96-well plate containing 10 �l of
peptide diluted in 0.01% acetic acid; acetic acid without peptide was added to
control wells. Bacteria were incubated for 45 min at 37°C in 5% CO2, and then
aliquots were plated to solid media. All assays were performed in triplicate.

Western blot analysis and adhesion assays. For Western blot analysis, bacteria
were grown overnight on solid media and then resuspended in loading buffer at
a concentration of 1010 CFU/ml, and the proteins were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis before transfer to mem-
branes. Membranes were washed in 0.5% milk in PBS and then incubated with
the following antibodies at a 1:10,000 dilution: SM1, anti-pilin; B33, anti-Opa
(kindly provided by M. Virji); and anti-PilC (kindly provided by A.-B. Jonsson).
After incubation with a secondary antibody (horseradish peroxidase-conjugated
anti-mouse immunoglobulin at 1 in 2,000), cross-reaction was detected by using
the ECL Western blotting detection reagent (GE Healthcare).

To examine the adhesive capacity of strains, Chang human epithelial cells were
incubated with bacteria at a ratio of 100 bacteria per cell for 3 h at 37°C in the
presence of 5% CO2 and then washed in Hanks buffered saline solution before
being lysed in 1% saponin for 10 min at 37°C. Cell-associated bacteria were
measured by plating dilutions of the lysed cells to media. Assays were performed
in triplicate on three separate occasions, and the results were expressed as a
percentage adhesion of the mutants compared to the wild-type strain.

Electron microscopy. OCMs infected for 18 h with pools of STM N. meningi-
tidis mutants were prepared for transmission electron microscopy or scanning
electron microscopy analysis using standard protocols as described previously
(36).

Statistical analysis. Comparisons between the survival of the mutants and the
wild-type strain were screened by Kruskal-Wallis analysis, and where the null

FIG. 1. Pools of signature-tagged N. meningitidis mutants were
used to infect OCMs and recovered 18 h later after treatment with
sodium taurocholate to kill extracellular bacteria. Colonization-defec-
tive mutants fail to survive in the tissue and are not recovered from the
OCMs.
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hypothesis was rejected, comparisons between the mutants and wild-type strain
were tested by Mann-Whitney analysis (SPSS, version 11).

RESULTS

Establishing conditions for screening N. meningitidis mu-
tants in OCMs. Different inoculum sizes of N. meningitidis and
incubation times were initially assessed to ensure that repro-
ducible results were obtained when separate explants were
inoculated with the same pool of mutants. Explants were in-
fected with between 106 and 108 bacteria, left for 6 or 18 h,
after which they were exposed to sodium taurocholate to kill
extracellular bacteria on the mucosal surface; sodium tauro-
cholate is only taken up by cells in the terminal ileum during
the enterohepatic circulation of bile salts (1) and so does not
kill bacteria in respiratory epithelial cells (51). Furthermore,
bacteria are not recovered from taurocholate-treated OCMs
exposed to cytochalasin which blocks actin polymerization and
thereby uptake of bacteria (51). Bacteria were then harvested
from the tissue after homogenization. In initial experiments,
the recovery of bacteria from explants inoculated with �107

CFU was inconsistent. When OCMs were challenged with be-
tween 107 and 108 CFU, only a few bacteria were recovered
from tissue homogenates treated with sodium taurocholate
after 6 h, but by 18 h between 103 and 104 bacteria were
recovered. With this level of inoculum, consistent hybridization
patterns were obtained from bacteria recovered from separate
OCMs receiving the same pool of 96 mutants (Fig. 1). There-
fore, for screening the library of mutants, the OCMs were
inoculated with 5 � 107 CFU of N. meningitidis, and bacteria
were recovered 18 h later. Examination of the infected tissue
under light microscopy demonstrated the presence of active
cilia (results not shown). Both transmission and scanning elec-
tron microscopy analysis showed that the epithelium was intact
and ciliated (Fig. 2A) and adherent bacteria were detected on
the surface of explants (Fig. 2B) with no degradation of the
architecture of the OCM.

Tfp are required for colonization of OCMs. We examined a
total of 576 N. meningitidis mutants for their ability to colonize
OCMs derived from human nasopharyngeal tissue. Coloniza-
tion-defective mutants were defined as those that were absent
from explants treated with sodium taurocholate and yet
present in the inoculum and untreated homogenates. From the
library, eight colonization-defective mutants were identified.
To exclude the possibility that mutants were not recovered
from the initial screen because they were sensitive to sodium

taurocholate, each mutant was tested for its sensitivity to this
bile salt. The sensitivity of all mutants was similar to that of the
wild-type strain, with a minimum growth inhibitory concentra-
tion of 0.125%.

The transposon insertion sites in the eight colonization-
defective mutants were recovered by marker rescue, and
sequences flanking the insertion were used to search the sero-
group B N. meningitidis genome database (www.tigr.org) by
BLASTP. The results are shown in Table 1. Two mutants,
C311�pilQ and C311�pilF, are unable to express Tfp, the
principal adhesin of N. meningitidis (5). Multimers of PilQ
form a pore in the outer membrane that allow the export of
Tfp to the bacterial surface (8), while PilF is necessary for pilus
assembly (14). The identification of two mutants defective for
the biogenesis of Tfp provides proof-in-principle for our ap-
proach since it has been shown previously that variants lacking
Tfp are defective for survival in nasopharyngeal tissue (34). To
confirm the requirement for these genes during colonization of
OCMs, the C311�pilQ and C311�pilF mutants were analyzed
individually in explants. Both mutants were recovered in sig-
nificantly lower numbers than the wild-type strain from tissue
before treatment with sodium taurocholate at 18 h after inoc-
ulation (P � 0.05, Fig. 3A). After treatment with this bile salt,
neither mutant could be detected. We also assessed the adher-
ence of the mutants to Chang epithelial cells. As expected,
C311�pilQ and C311�pilF exhibited marked defects for adhe-
sion, binding at �10% the level of the wild-type strain (P �
0.01, Fig. 3B). The failure of the mutants to attach to epithelial
cells in the upper airway is likely to account for their coloni-
zation defect in OCMs.

Identification of novel colonization factors. Three of the six
remaining colonization-defective mutants had transposon in-
sertions in genes predicted to encode surface-expressed pro-

FIG. 2. Electron microscopic analysis of integrity of OCMs infected with N. meningitidis for 18 h. (A) Transmission electron microscopy image
of infected tissue demonstrates presence of cilia and an intact epithelium. Magnification, �2,500. Scale bar, 2 �m. (B) Scanning electron
microscopy image of infected explants. Bacteria are visible adhering to nonciliated cells and mucous globules. Scale bar, 10 �m.

TABLE 1. Colonization factors identified by STM

Gene affected
(TIGR gene no.) Predicted function

0329.....................................Pilus biogenesis, PilF
1812.....................................Pilus biogenesis, PilQ
0103.....................................Putative bacteriocin immunity protein
0313.....................................OmpU homologue
1829.....................................Putative TonB-dependent receptor
0541.....................................Function unknown
1012.....................................Function unknown
1726.....................................Function unknown
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teins, NMB0103, NMB0313, and NMB1829 (Fig. 4A, number-
ing according to www.tigr.org), by homology with known
surface proteins and/or bioinformatic analysis (PSORTb v2.0
[www.psort.org] and Tmpred [www.ch.embnet.org/software
/TMPRED-form.html]). These genes are of interest since
many key host-pathogen interactions are mediated by bacterial
surface molecules. The impact of the loss of these three genes
on colonization was assessed by inoculating OCMs with each
mutant individually (Fig. 4B, C, and D). All three mutants
were recovered from the OCMs at significantly lower levels
than the wild-type strain at 18 h after challenge (P � 0.009,
0.002, and 0.004 for C311�0103, C311�0313, and C311�1829,
respectively), confirming their role during colonization of the
tissues of the upper airway. Examination of the orientation of
open reading frames around the transposon insertions in these
mutants indicate that polar effects could only account for the
attenuation of the NMB1829 mutant (Fig. 4A). Therefore, this
mutant was complemented in trans with a single copy of the
wild-type gene in an ectopic chromosomal location to generate
C311�1829comp; this reverted the colonization defect of the
mutant to wild-type levels (Fig. 5).

To further characterize the basis of the colonization defect
of these three mutants, we examined their expression of char-
acterized meningococcal adhesins and compared their capacity
to adhere to human epithelial cells with the wild-type strain. As
well as Tfp, members of the Opa family of proteins contribute
to the initial interactions of N. meningitidis with human epi-
thelial cells (32). However, none of these mutants had a sig-
nificant defect for the expression of adhesins or for binding to

epithelial cells (Fig. 6A and B, respectively). It was also pos-
sible that these mutants were attenuated due to increased
sensitivity to antimicrobial peptides, since alterations in sur-
face structures can render bacteria more susceptible to pep-
tide-mediated killing (27). We determined whether the mu-
tants were sensitive to LL-37, a human neutrophil-derived
antimicrobial peptide that is found in the upper airways. How-
ever, all three mutants exhibited the same MIC to LL-37 as the
wild-type strain (Table 2).

The remaining three colonization-defective mutants had
transposon insertions in genes of entirely unknown function
(NMB0541, NMB1012, and NMB1726). Analysis of these mu-
tants demonstrated that none had a significant defect for ad-
hesion to human epithelial cells or in the expression of known
adhesins (not shown).

DISCUSSION

N. meningitidis is specifically adapted to colonize the human
nasopharynx, with evolution selecting for traits that promote
its survival in this environment. Defining those traits should be
informative about how N. meningitidis successfully inhabits this
ecological niche and help to design interventions to prevent
disease. However, a full appreciation of the mechanisms un-

FIG. 3. (A) Colonization capacity of the pilQ (green boxes) and
pilF (blue boxes) mutants compared to the wild-type strain (red boxes)
at 4 and 18 h after inoculation of OCMs. The graph shows the median
and 25th/75th percentile of CFU/mg of bacteria recovered from ex-
plants; P � 0.015 and P � 0.041 for the wild-type strain versus C311�
pilF and C311�pilQ at 18 h, respectively. (B) Relative adhesion to
human epithelial cells of the mutants compared to the wild-type strain.
Error bars show the standard error of the mean.

FIG. 4. (A) Gene organization around the transposon insertions
(indicated by solid triangles) in colonization-defective mutants. Gene
designation: open block arrows, gene of unknown function; vapA,
virulence associated protein (authentic frameshift); pgp, phosphogly-
colate phosphatase. (B to D) Colonization capacity of the mutants and
the wild-type strain (C311) at 4 and 18 h after inoculation of OCMs.
The data shows median and 25th/75th percentile of the number of
bacteria recovered from explants/mg of tissue. The mutants were all
defective for colonization; P � 0.002, 0.009 and 0.004 for C311 versus
C311�0313 (B), C311�0103 (C), and C311�1829 (D) at 18 h,
respectively.
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derlying this key stage in the bacterium’s life cycle can only be
gained using models, such as OCMs, that accurately mimic
conditions in its natural habitat in the human host.

Explants of human tissue can be maintained in vitro as
OCMs which provide physiologically relevant systems for
studying host-pathogen interactions. Early studies using organ
culture examined the interactions between Neisseria gonor-

rhoeae with fallopian tube explants (55), Bordetella pertussis
with tracheal tissue (7), and Chlamydia with conjunctival tissue
(30). More recently, biopsies of tissue have been used to study
the importance of the mucus layer during the initial stages of
adhesion of Mycobacterium to the human upper respiratory
tract (29), and the interaction of C. jejuni with explanted in-
testinal mucosa (15). OCMs using adenoid or turbinate tissue
have previously been used to investigate the behavior of N.
meningitidis (34, 35, 47) but not for the identification of colo-
nization factors. The advantage of using nasopharyngeal tissue
is that it avoids the use of animal models which may lack
human specific factors such as CD46 that are relevant for
colonization (20).

Although this was not an exhaustive screen, we analyzed 576
N. meningitidis mutants in nasopharyngeal explants to identify
genes required for survival in this tissue as a model of coloni-
zation of the human airway. Since it was not feasible to study
this number of mutants individually in OCMs, we used STM to
facilitate large-scale analysis (18). STM has been mainly used
to identify genes required for virulence in animal models of
infection (26). As far as we are aware, this is the first time that
STM has been applied to examine the behavior of a bacterium
in human tissue.

The main disadvantages of OCMs are (i) that there is con-
siderable host-to-host variation in the level of colonization
after challenge (51) and (ii) the limited availability of tissue.
The former problem was circumvented during screening the
mutant library by inoculating OCMs with pools of mutants.
However, to confirm the colonization defect of selected mu-
tants, OCMs were challenged separately with mutant and wild-
type strains on six separate occasions with tissue from different
individuals. Therefore, rescreening of mutants was limited to
those required for the biogenesis of Tfp and those with inser-
tions in genes predicted to encode surface factors, and comple-
mentation analysis was restricted to where there was the pos-
sibility of polar effects (i.e., NMB1829; Fig. 4A).

It has been shown previously that selected meningococcal
variants lacking Tfp are defective for survival in adenoidal
tissue (34). Our work with two isogenic mutants confirms the
importance of Tfp during colonization of the human upper
airway. Tfp are likely to contribute to survival during interac-
tions with epithelial cells, either acting as an adhesin or by
promoting aggregation (17). Interestingly, both the pilF and
pilQ mutants were recovered from OCMs at the 4-h time point
at levels equivalent to that of the wild-type strain, suggesting
that bacterial adhesion to and entry into epithelial cells occurs
after this time. This is consistent with the finding that inhibi-

FIG. 5. Complementation of C311�1829 restores the colonization
capacity to wild-type levels. Individual OCMs were infected with the
wild-type, C311�1829 and the complemented strain (C311�
1829comp), and bacteria recovered after 4 and 18 h. The data show the
median and 25th/75th percentile of the CFU recovered from untreated
explants/mg of tissue. The C311�1829 mutant is defective for coloni-
zation at 4 and 18 h (*, P � 0.001). The complemented strain was
recovered at wild-type levels after 4 h and at levels only slightly lower
than the wild-type strain at 18 h.

FIG. 6. (A) Western blot analysis for the expression of adhesins in
whole-cell lysates. The adhesin is shown next to each panel and mo-
lecular mass given in kilodaltons. The strains are indicated above each
lane. (B) Relative adhesion of colonization defective mutants to Chang
epithelial cells. The data are presented as the mean relative adhesion 	
the standard deviation. None of the mutants shows a significant reduc-
tion in adhesion capacity compared to the wild-type strain C311, indi-
cating that their inability to survive in OCMs was unlikely to be due to
reduced adhesion to epithelial cells. The C311�1829 mutant showed
enhanced adhesion, while C311�pilE, which is unable to express Tfp,
was recovered at �4% compared to the wild-type strain.

TABLE 2. Colonization defective mutants are not more sensitive to
the antimicrobial peptide, LL-37, than the wild type

Assay
Minimum inhibitory growth concn (�g/ml)a for strain:

C311 C311�0103 C311�0313 C311�1829

1 7.8 15.6 15.6 15.6
2 15.6 15.6 15.6 15.6
3 15.6 15.6 15.6 15.6

a The minimum growth inhibitory concentration of LL-37 was determined by
incubating bacteria with a range of concentrations of peptide from 128.4 to 0.98
�g/ml.

VOL. 77, 2009 MENINGOCOCCAL COLONIZATION 49



tion of actin polymerization with cytochalasin has no discern-
ible effect on colonization of OCMs at early time points (51)
and is distinct from interactions of the meningococcus ob-
served with isolated epithelial cells, when pilus-negative mu-
tants are at a significant disadvantage within 2 to 3 h of chal-
lenge.

We also isolated mutants affected in genes not previously
characterized as important for meningococcal colonization.
This highlights the advantages of using OCMs as these genes
would have not have been identified through studies with ep-
ithelial cells alone since none of these mutants were defective
for cell adhesion. The expected product of NMB0103 has 37%
amino acid identity with HmcC, a bacteriocin processing pro-
tein from Haemophilus influenzae (31), another pathogenic
member of the nasopharyngeal flora. Bacteriocins are antimi-
crobial compounds that are lethal for members of the same or
related species (21, 31). Although the explanted OCM tissue is
treated with antibiotics prior to infection with N. meningitidis,
it is possible that residual bacteriocins could be present in the
tissue and inhibit the survival of the NMB0103 mutant. In
addition, bacteriocin immunity proteins can mediate resistance
against a variety of antimicrobial agents, including antimicro-
bial peptides (25). However, the strain lacking NMB0103 did
not exhibit increased susceptibility to LL-37, an antimicrobial
peptide detected in the human upper airway which has proven
activity against N. meningitidis (52).

NMB0313 encodes a protein of unknown function which has
94% amino acid identity with a protein from a serogroup C N.
meningitidis strain that has been designated as an outer mem-
brane protein OmpU in the EMBL-EBI database (accession
no. AF118122.1). In Vibrio cholerae OmpU may act as an
adhesion (44), but it also mediates resistance against antimi-
crobial peptides (24). Amino acid alignments demonstrate that
NMB0313 has �20% amino acid sequence identity with
OmpU from V. cholerae (data not shown), and our experimen-
tal data indicate that the OmpU homologue in N. meningitidis
does not contribute to adhesion to human epithelial cells or
defense against LL-37.

Iron is an essential element required for key metabolic pro-
cesses, and pathogenic bacteria possess several systems for iron
acquisition from host tissues (13). NMB1829 is predicted to
encode a TonB-dependent receptor, a member of a family of
outer membrane proteins involved in acquisition of iron and
other molecules (3, 37, 40). These proteins rely on TonB, an
inner membrane protein that provides energy for iron trans-
port across the outer membrane (48). N. meningitidis possesses
several TonB-dependent receptors which bind transferrin, lac-
toferrin, and hemoglobin/haptoglobin or siderophores (37).
Siderophores are small molecules secreted by microbes to che-
late iron in the environment and deliver it to the bacterium via
cognate surface receptors. Of note, N. meningitidis does not
itself produce siderophores. However, to maximize fitness and
compete within its ecological niche, the meningococcus may
utilize NMB1829 to acquire siderophores secreted by other
microorganisms and/or acquire host iron sources such as fer-
ritin, which is necessary for the intracellular replication of N.
meningitidis (23). Thus far, we have no evidence that NMB1829
is required for intracellular replication (not shown), and the
gene is required early during colonization (within 4 h of chal-

lenge), suggesting that it is required by the bacterium before
interaction with epithelial cells.

A consistent feature of the expanding database of sequenced
bacterial genomes is the large number of entirely uncharacter-
ized genes which account for around half the open reading
frames in many pathogens (38); N. meningitidis contains
around 900 genes with no function ascribed (50). A major
challenge is to decipher the activity of these recently discov-
ered genes since this could prove valuable for the development
of novel antimicrobials and vaccines (4, 38). This work identi-
fied several genes of unknown function whose role in coloni-
zation could not have been foreseen by examination of their
predicted amino acid sequences. Microarray analysis demon-
strates that these three genes are conserved in the major hy-
pervirulent lineages and serogroups of N. meningitidis that
cause human disease (46), with NMB0541 and NMB1726 also
present in isolates of the commensal species Neisseria lac-
tamica, Neisseria sicca, and Neisseria polysaccharea.

Most vaccines against bacterial infection target antigens
(such as capsules and toxins) that are expressed during sys-
temic infection. More recently, strategies are also being devel-
oped to block the adhesion of pathogens to host cells (19, 22).
Therefore, further understanding of the bacterial factors re-
quired for meningococcal survival in the nasopharynx and the
nature of the local immune responses (11) could not only be
helpful in defining the molecular basis of pathogenesis but also
be used for designing vaccines to prevent disease caused by this
important human pathogen.
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